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We report on a heterodyne receiver designed to observe the astrophysically important neutral atomic oxygen [OI] line at 4.7448 THz. The local oscillator is a third-order distributed feedback Quantum Cascade Laser operating in continuous wave mode at 4.756 THz. A quasi-optical, superconducting NbN hot electron bolometer is used as the mixer. We recorded a double sideband receiver noise temperature (T DSB rec ) of 815±12 K, which is ∼7 times the quantum noise limit ( heterodyne mixer. We present CW spectra from the QCL, along with noise temperature measurements, Allan variance, and a methanol spectrum to demonstrate a fully working 4.7-THz receiver.
The THz QCL active region is based on a four-well resonant-phonon depopulation design.
Cavity structure with a lateral corrugated third-order DFB grating similar to those demonstrated in Amanti et al. 7 were used to provide frequency-selectivity and also to improve far-field beam pattern. As shown in Fig. 1c , the shape of the corrugated gratings is changed from a traditional square tooth to a taper-horn to reduce the number of sharp corners on the devices, relaxing fabrication tolerances. According to an electromagnetic finite-element (FEM) simulation, the taper-horn shape increases the radiation loss from the unwanted lower band-edge mode while only marginally reducing the radiation loss for the desired third-order DFB mode, hence improving mode selectivity. With this improved frequency selectivity, we achieved frequency coverage from 4.6 to 5 THz with a robust single-mode operation on the same gain medium (grating periods ranging from 28.5 to 25 µm), which covers ∼80% of the gain spectrum.
The third-order DFB QCL arrays were fabricated using standard metal-metal waveguide fabrication techniques, contact lithography, and inductively-coupled-reactive ion etching (ICP-RIE) to define the laser mesas with the Ti/Au top contact acting as the self-aligned etch mask. A 300 nm SiO 2 electrical insulation layer was used for the isolation of the contact pads. Each array consists of 21 DFB lasers arranged in a similar manner as in Lee et al. 9 .
Due to variation and uncertainty in the fabrication process, as shown in . 1a ). For the heterodyne measurement described below, the device is operated at ∼10 K with an operational frequency of 4.756 THz. This frequency was chosen to avoid a strong water absorption line at 4.748
THz that would have impeded lab measurements.
HEBs are the preferred mixer for frequencies above 1. The test set-up for obtaining noise temperature measurements is shown in Fig. 2 In this configuration, we used the isothermal method 13 to calculate a maximum LO power using an Agilent E4418B power meter.
Receiver sensitivity was measured using the Y-factor method (Y =
). Eq. 1 is used to convert a Y-factor to a noise temperature. In this experiment, we used a room temperature blackbody as our hot load and liquid nitrogen dipped blackbody as our cold load 14 . The Callen-Welton temperatures at 4.7 THz for these two loads are T eff,hot = 309 K and T eff,cold = 126 K 15 .
The receiver Y-factor was measured using three different methods. In Fig. 3a the measured IF power was swept as a function of bias voltage with a fixed LO power. We corrected for direct detection by adjusting the LO power so that the IV curves were on top of one another. The best noise temperature was found to be 825 K at a bias of 0.7 mV and 30
µA. Recently it has become possible to accurately sweep LO power by attenuating the LO signal with a stabilized voice coil attenuator 12 and plot the resulting HEB bias current as a function of output power (see Fig. 3b ). This method reduces direct detection and results in an average noise temperature of 810 K at an average bias of 0.65 mV and 29 µA. The third method, not shown, chops between hot and cold loads with a stabilized current. It also produced a noise temperature of 810 K at the same operating point. Thus we obtain a receiver noise temperature of 815±12 K by averaging the three methods. This noise temperature is ∼7 times the quantum noise limit
To demonstrate the QCL adds no additional noise to the receiver system, noise temperature measurements were taken with a gas laser at 4.25 and 5.25 THz. We recorded 750 K at 4.25 THz and 950 K at 5.25 THz. Fig. 3c shows that all three noise temperatures scale linearly with frequency. This suggests that the QCL is a clean LO source. Furthermore, all of these measurements improve upon the previously published noise temperatures of 860 K at 4.25 THz and 1150 K at 5.25 THz 16 . We primarily attribute this to a more sensitive HEB device.
In order to determine receiver stability, Allan variance measurements were made as shown in Fig. 4 . For this purpose the noise temperature set-up of In the bottom left hand corner is an Allan variance for a non-stabilized spectroscopic measurement taken with the air purged by nitrogen gas.
through a bandpass filter, one centered at 1.25 GHz and the other at 1.75 GHz. This enabled measurements of the Allan variance in two configurations: total power (continuum) and spectroscopic (the spectral difference between the two channels). We expect the spectroscopic method to yield greater Allan variance times because it effectively filters out longer period baseline variations.
First Allan variance was measured for a shorted IF chain by applying no bias or LO power to the HEB mixer. The resulting Allan times from both total power and spectroscopic methods were sufficiently long to eliminate the IF chain as a source of instability. Next, we measured Allan variance for the unstabilized receiver. Total power from one channel had an Allan time of ∼0.1 s with an 18 MHz noise fluctuation bandwidth (see Fig. 4a ). This bandwidth was consistent for all measurements. When the spectroscopic method is applied, this time increases to ∼1 s (see Fig. 4c ). After turning on the stabilization, the total power Allan variance increased by a factor of 10 (see Fig. 4b ). After applying the spectroscopic method, the Allan time increased to better than 15 s (see Fig. 4d ). In Fig. 4e is a plot of the unstabilized spectroscopic Allan variance when the air between the QCL window and vacuum set-up is purged with nitrogen gas. This improves the nonstabilized, spectroscopic Allan time to ∼7 s, showing that atmospheric turbulence at 4.7
THz is a large contributor to the instability in the system. When compared with HEBs of the same size, the Allan variance of the receiver in air is slightly lower than that of previously published Allan times using a gas laser at 2.5 THz 12 , where the atmosphere makes a smaller contribution to the noise. Once the atmosphere is removed, the QCL shows an improved stability over the gas laser.
In order to demonstrate the functionality of the receiver for heterodyne spectroscopy, the receiver was used to measure a spectrum of methanol gas (CH 3 OH). For this experiment the QCL was cooled by a pulse-tube refrigerator to ∼10 K. Additionally, the hot/cold vacuum setup was removed and replaced by a 12µm beam splitter and an UHMW-PE window. A methanol gas cell was placed behind the beam splitter facing the dewar window. The results, 
